In an ever-changing world there is constant pressure on revising long-term memory, such when people or countries change name. What happens to the old, pre-existing information? One possibility is that old associations gradually are weakened and eventually lost. Alternatively, old and no longer relevant information may still be an integral part of memory traces. To test the hypothesis that old mnemonic information still becomes activated when people correctly retrieve new, currently relevant information, brain activity was measured with fMRI while participants performed a cued-retrieval task. Paired associates (symbol-sound and symbol-face pairs) were first learned during two days. Half of the associations were then updated during the next two days, followed by fMRI scanning on day 5 and also 18 months later. As expected, retrieval reactivated sensory cortex related to the most recently learned association (visual cortex for symbol-face pairs, auditory cortex for symbol-sound pairs). Critically, retrieval also reactivated sensory cortex related to the no-longer relevant associate. Eighteen months later, only non-updated symbol-face associations were intact. Intriguingly, a subset of the updated associations was now treated as though the original association had taken over, in that memory performance was significantly worse than chance and that activity in sensory cortex for the original but not the updated associate correlated (negatively) with performance. Moreover, the degree of "residual" reactivation during day 5 inversely predicted memory performance 18 months later. Thus, updating of long-term memory involves adding new information to already existing networks, in which old information can stay resilient for a long time.
Introduction
The ability to store information about facts and events is fundamental for every-day functioning. However, many times mnemonic information needs to be revised; your cousin may get re-married and change name, the ruler of Zaire was overthrown and the new government declared the Democratic Republic of the Congo, your favorite artist was "formerly known as Prince", etc. What happens to old, pre-existing information as memories are updated? One possibility, suggested by studies of eyewitness testimony (Loftus, 2005) , reconsolidation (Dudai, 2006) , and active suppression of memories (Anderson et al., 2004) , is that old associations and memory traces gradually are weakened and eventually lost. Alternatively, old and no longer relevant information may still be an integral part of memory traces. Support for the latter view comes from computational (McClelland et al., 1995) and molecular (Tronel et al., 2005) studies. In fact, it might be argued that the pre-existing information serves as a "schema" and facilitates learning and assimilation of the new information (Tse et al., 2007) .
Here we tested the hypothesis that old, no longer relevant mnemonic information still becomes activated when people correctly retrieve newer, currently relevant information. During the first two days of the experiment, participants learned paired associates consisting of either symbol-face (visual-visual) or symbol-sound (visual-auditory) pairs. During days 3-4, half of these associations were updated, such that symbol-face pairs became symbol-sound pairs and vice versa; the other half was unchanged. On day 5, in the fMRI scanner, a memory reactivation paradigm was used. A symbol was presented and the participants were required to indicate whether the symbol was associated with a face or a sound.
It was predicted that retrieval of face information would reactivate face-responsive visual regions, and that retrieval of sound information would reactivate auditory regions (Hofstetter et al., 2012; Nyberg et al., 2000; Polyn et al., 2005; Salami et al., 2010; Wheeler et al., 2000) . This was expected to hold for both the associations that remained intact throughout the learning program, and for associations established during the second half of learning. The critical issue was whether the latter class of items would additionally be associated with "residual" activity reflecting previously formed but no longer relevant associations. That is, would symbols paired with faces during days 1-2 and with sounds during days 3-4 be associated with signal change in face-responsive regions at retrieval -despite the fact that the participants correctly reported that these symbols were associated with sounds (and vice versa for symbols initially paired with sounds)?
The experiment also included a learning/updating stage that took place after memory retrieval on a trial-by-trial basis, where a symbol was presented along with the face or sound it had been associated with during training or with a new, unique item. In the latter case, the participants were instructed to form new associations, which made it possible to examine the actual process of updating long-term memory during fMRI scanning (cf., Nyberg et al., 2009) . Lastly, to investigate memory-trace durability, participants were re-scanned 18 months after the first session to examine whether reactivation patterns and/or residual activations would endure.
Methods

Participants
Twenty-one right-handed participants were recruited from the Umeå University campus area (19-27 years old, 14 women). All gave written informed consent and were paid 600 SKR for participation. Circa 18 months after participation in the first fMRI session all participants were asked to come back for a follow-up fMRI session; 12 participants (23-29 years old, 5 female) accepted and were paid an additional 300 SKR. Due to technical issues, data from behavioral responses during the first fMRI session was lost for three participants, who therefore were excluded from analyses of data from session 1. The study was approved by the local ethics committee.
Procedure
The experiment consisted of 4 days of learning and 1 day of scanning, followed 18 months later with one "booster" session and a second scanning session (Fig. 1A) .
Pre-scan learning procedure
During initial learning, Japanese Kanji-signs were presented paired with either a sound (animals, tools, etc.) or a face. During days 1 and 2 (Phase 1) the participants learned 48 symbol-sound and 48 symbolface pairs. During days 3 and 4 (Phase 2) there was a shift in the training schedule. For half of the items (24 of each kind), the same pairs were presented and further trained. For the remaining half the pairs were changed so new associations had to be formed, such that symbol-sound associations became symbol-face associations (new faces) and vice versa.
Thus, a symbol associated with a face during days 1-2 had to be updated and associated with a novel sound during days 3-4, and vice versa for symbols initially associated with sounds. The participants were explicitly instructed that new associations were to be formed and that the previous association was no longer relevant.
The symbols were Japanese Kanji-signs that were taken from an online site (www.thejapanesepage.com) and were chosen so as to have as little resemblance to each other as possible. The face images were digital color photographs of faces, mainly taken from a set of emotional face expressions (Lundqvist et al., 1998 ; only emotionally neutral faces were used). The sounds were two-channel wav-files of animals, tools in use, or everyday sounds such as knocking on a door, collected from different sites on the Internet and chosen to be as distinct from each other as possible. To familiarize participants with the sounds and to ensure that each sound could be meaningfully identified, all sounds and their labels (one or two words describing the sounds) were presented before training on the first and third days. Symbols and faces were presented on a computer screen, and the sounds were delivered through external speakers (Fig. 1A) . The specific symbol-sound/face combinations were counterbalanced across participants, such that each symbol was paired with both sounds and faces.
To optimize learning efficiency, each learning session was organized as 3-5 study-test cycles where all items were first studied, then tested, etc. (Karpicke and Roediger, 2008) . On the first day of each phase (i.e., days 1 and 3), only failed items were presented on the next study/test round. On days 2 and 4, all items were first studied and tested. In the following rounds on the same day, only failed items were studied but all items were tested. The participants were explicitly instructed to memorize each pair, and were given unlimited time to study each item (sounds were looped during study). Pilot runs indicated that participants tended to go through the study rounds relatively quickly, resulting in poor memory performance. To encourage participants to attend to the stimulus, they were in the actual experiment asked to make a like/dislike judgment on each study item. During testing, a symbol was presented for 2 s and participants then responded whether the symbol was associated with a sound or face, or if they did not know. If correctly indicating face/sound, a follow-up 4-alternative forced-choice question was presented (1 correct alternative and 3 incorrect alternatives drawn randomly from the stimulus pool; for sounds, the corresponding labels were presented rather than the actual sounds). The participants were given feedback ("correct"/"incorrect") after each test item. To monitor participants' false response rate, 20 symbols that had not been presented during study (and therefore were not associated with either a sound or a face) were also presented during each test round. A new set of 20 "lures" was added each day, and repeated during each test round on that day. Fig. 1 . A, Overview of experimental phases. Days 1 and 2 consisted on establishing symbol-sound and symbol-face associations. During days 3 and 4, half of the associations were updated, such that symbol-face associations became symbol-sound associations and vice versa. fMRI scanning was performed on day 5 and also 18 months later. B, Scanner procedure during day 5. Each trial consisted of two parts: one cued retrieval part and one re-encoding/updating part. The scanner procedure at 18 months only included the first part (cued retrieval).
Scanner procedures
During the first fMRI session, each trial was divided into two parts: one cued retrieval part to investigate memory associations and one learning/updating part to investigate the processes of updating memories (Fig. 1B) . During the retrieval part, a symbol was displayed for 2 s and the participants indicated whether this symbol was associated with (i) a face, or (ii) a sound, or (iii) if they did not remember, by pressing one of three buttons with their right hand. Participants were explicitly instructed that only the most recently learned association was relevant. The learning/updating part, which immediately followed the retrieval part on a trial-by-trial basis, was separated from the retrieval part by display of a fixation circle centered on the screen for 2.7-8.7 s. During updating/learning, the symbol was again presented (2 s) but now together with either the previously learned associate (continued learning; no symbol was presented together with the old associate of an updated pair) or with a sound/face not previously associated with a symbol (updating). This made it possible to examine the actual process of updating long-term memory during fMRI scanning. The participants were instructed to indicate whether the pair was old/new and to remember new associations. Each trial (cued retrieval + learning/ updating) was separated by a 3-9 s fixation cross. To avoid novelty effects during updating, all new sounds/faces had been presented in each study session during the learning procedure (preceding days), where the participants were asked to make a like/dislike judgment to ensure that they attended to the stimuli.
During the second fMRI session, 18 months after the first, a similar procedure as for the first session was used but with the following changes. Each item was presented three times (randomly intermixed with other items) to increase statistical power. No updating procedure was used and no item that was updated during the first scanner session was presented. Thus, for each trial a symbol was displayed and the participants indicated whether this symbol was associated with a face or a sound, or if they did not remember, by pressing one of three buttons with their right hand. The second fMRI session was preceded by a "booster" session, where participants were presented with all symbols (N = 72) except those that had been updated during the first scanner session, and indicated with a button press whether each symbol was associated with a face or a sound, or if they did not remember. The purpose of this booster session was to remind the participants of the materials. It also offered unlimited time for recall to enable as many recalled items as possible, as the response time during scanning was limited to 2 s. Thus, the booster session served to minimize trials where participants would have remembered the associated item if only given enough time during scanning.
Data acquisition and analyses
Data collection (both fMRI sessions) was made on a 3 T Phillips Achieva scanner (Philips Medical Systems, Netherlands). Functional T2*-weighted images were obtained with a single-shot GE-EPI sequence for BOLD imaging (TR = 1500 ms; flip angle = 70 deg; echo time = 30 ms; 31 slices acquired: 3.44 × 3.44 mm in-plane × 4.65 mm thick; an 8-channel SENSE head coil and a SENSE-factor of 2.6 was used). To eliminate signals arising from progressive saturation, ten dummy scans were performed prior to image acquisition.
Data were analyzed using multiple regression implemented in SPM8 (Wellcome Department of Cognitive Neurology, London, UK). Image preprocessing consisted of realignment and unwarping, slice-timing correction, normalization to MNI space, and smoothing using an 8.0 mm FWHM Gaussian kernel. Temporal autocorrelations were estimated using a first-order autoregressive model. Data were scaled over sessions and high-pass filtered (128 s cut-off). The retrieval part of each trial was modeled with 4 regressors: symbols associated with sounds (S) throughout all 4 days of learning (SSSS, where the first S represents "sound association day 1", the second S "sound association day 2" etc.), symbols first associated with sounds but then changed their associate to a face (F) during days 3-4 (SSFF), and the symbolface counterparts (FFFF and FFSS). The learning/updating part of each trial was modeled with 6 regressors: 4 corresponding to continued learning (FFFF-F, SSFF-F, SSSS-S, and FFSS-S) and 2 for memory updating (SSSS-F and FFFF-S). The second fMRI session (18 months) only had the retrieval trial part and was modeled accordingly. Unsuccessful trials (wrong answers or not remembered) were modeled with separate regressors (both trial parts). All regressors were convolved with a canonical HRF as implemented in SPM8. Head-motion parameters were included as effects of no interest. Model estimations (restricted maximum likelihood) from each individual were taken into second level random-effects analyses (one-sample t-tests) to account for inter-individual variability.
To define regions related to sensory processing of sounds/faces, we contrasted all symbol-sound presentations with all symbol-face presentations during the learning/updating part of each trial (p b .001, k N 10 voxels), where sounds and faces were actually presented. The resulting regions were then used as regions of interest for analyzing brain activity related to the retrieval trial part (p b .05 uncorrected) during both fMRI sessions 1 and 2. The statistical thresholds were motivated by the a priori predictions of effect locations. Reactivation of sensory regions during retrieval was revealed by contrasting SSSS N FFFF (original sound associations) and FFSS N FFFF (updated sound associations that were symbol/face associations during days 1 and 2) for auditory cortex; FFFF N SSSS (original) and SSFF N SSSS (updated) for face-processing regions. Residual activity related to no longer relevant associations was revealed by FFSS N SSSS and SSFF N FFFF, respectively.
Brain activity related to updating of memory representations (only fMRI session 1) was investigated by contrasting the two conditions where associations changed during scanning with the two conditions in which the associate never changed: (SSSS-F + FFFF-S) N (SSSS-S + FFFF-F). Thus, the updating process (continued learning/updating part of each trial) captured by this contrast reflected activity independent of modality of the associate.
Results
After two days of training on the 48 symbol-face and 48 symbolsound pairs, participants had reached about 90% correct retention ( Fig. 2; Phase 1) . At the final test on day 2, symbol-sound pairs were remembered better than symbol-face pairs (t[17] = 2.38, p = .029). During Phase 2 (days 3 and 4), where half of the symbol associations were updated, it was found that the learning of new associations was faster than during initial learning (initial test performance after the first study round day 3 vs. Correctly remembering that a symbol was associated with a face or a sound was associated with increased BOLD signal in visual and auditory regions, respectively (Fig. 3) . As predicted, this was true for both the original associations and those updated during training. Most critically, residual activation was also found in face-and sound-responsive regions. Coordinates for peak voxels within the functionally defined visual cortex ROI (MNI xyz: 42 − 78 − 24; − 38 − 72 − 18) matched well (within 10 mm for any coordinate) with the location of the "occipital face area", as described in previous research (Chen et al., 2010 : left − 37 − 69 − 7, right 37 − 71 − 7; Rotshtein et al., 2005: left − 45 − 78 − 15, right 42 − 69 − 18).
The results thus demonstrate that cued retrieval of associations updated during training reactivates both visual and auditory cortices. To investigate how the brain "decides" which representation is correct, we compared retrieval of updated associations with retrieval of original associations, across both symbol-face and symbol-sound associations (whole-brain conjunction analysis between "updated face" and "updated sound", p b .001, k N 10). This revealed a single cluster in the left inferior frontal sulcus (xyz: −42 18 36, k = 15, t = 3.95).
Separate from memory reactivation (the retrieval part), the process of updating memory (updating vs. continued learning during the second part of each trial) engaged fronto-parietal cortical areas (Fig. 4 , Table 1 ), including a left lateral frontal region that partially overlapped at the dorsal end with the left frontal region from the "updated vs. original retrieval" analysis above.
Eighteen months later
Eighteen months after the first scanning session, memory performance during scanning was greatly reduced compared with the initial session, and only original symbol-face pairs were identified better than chance (M = .64%, SE = .05, t[11] = 2.66, p = .022). Interestingly, the performance on updated symbol-sound pairs was significantly worse than chance (M = . That is, for symbols that had initially been paired with faces but during days 3-4 were changed to symbol-sound pairs, participants tended to respond that they had been paired with faces, as if the original symbol-face association dominated over the more recently formed symbol-sound association.
The fMRI data were consistent with the behavioral pattern: only original face-associations elicited significant BOLD signal change in face-responsive regions (Fig. 3B) . Moreover, the magnitude of signal change in face-responsive regions was negatively correlated across participants with performance during recall of updated symbol-sound associations (beta values for "residual" activity, r[12] = − .82, p b .001; Fig. 3C ). To investigate whether brain activity already during the first session was predictive of this "reversed" memory performance, we regressed memory performance 18 months later on BOLD signal during initial retrieval of updated sound associations. There was a significant positive relation between performance and BOLD signal in auditory cortex (r[10] = .73, p = .009), and also a significant negative relation in face-responsive regions (r[10] = − .72, p = .009; Fig. 3C ), such that lower auditory cortex activity and higher residual face activity during retrieval of updated symbol-sound pairs during the first scanner session predicted worse memory performance 18 months later.
Discussion
In line with previous research, we show that content-specific parts of the cortex are reactivated during memory retrieval (Hofstetter et al., 2012; Nyberg et al., 2000; Polyn et al., 2005; Salami et al., 2010) . Specifically, the BOLD signal in the visual cortex increased when participants recalled face information, whereas BOLD signal in the auditory cortex increased during recall of sound information. Critically, we found evidence suggesting that representations of no longer relevant mnemonic information were also reactivated during retrieval of altered/updated memory associations. Thus, even though the residual BOLD signal response was generally weaker compared with reactivation related to currently relevant information, the results give little reason to believe that old information is lost. Indeed, as is apparent from the interference from previously learned associations across time (18 months), old and no longer relevant information can be long lasting. These findings support a view of memory updating where old information is part of the newly formed representational structure rather than being overwritten or treated as a separate memory trace. This view is further supported by the behavioral results from day 3, where learning of new associations was faster compared with initial learning, in line with findings that new learning can be facilitated by already established knowledge structures (Tse et al., 2007) . Retaining previously learned mnemonic information as part of a representational structure may not only help during learning of new information, but also make sense from an ecological perspective in that old information may be useful in future situations. However, such benefits may be partly counterbalanced by possible interference effects between related associates, as was evident in the results from the 18-month follow-up.
The present findings are in line with studies showing that fear extinction (i.e., unlearning of a previously learned stimulus-threat association) is usually incomplete and unstable over time, such that unlearned memory associations reoccur (see Bouton, 2002 , for review). However, recent research has indicated that previously learned associations can be essentially deleted through new learning, provided that the new learning occurs within a specific time window following memory reactivation, such that the new learning thereby interferes with the so-called reconsolidation process (Ågren et al., 2012; Monfils et al., 2009; Schiller et al., 2010) . Reconsolidation is taken to be a renewed state of instability of a previously consolidated memory trace through trace reactivation (Dudai, 2004) , and provides an opportunity to update the memory trace with information during the reactivation period (Lee, 2009 ). The present experiment, with cycles of study and test periods, gave plenty of opportunity for memory updating within the reconsolidation time window, which has been shown to be open for several hours (Nader et al., 2000; Schiller et al., 2010) . Still, the current results demonstrate that outdated memories need not be replaced by new and more relevant information, but instead that updated and outdated mnemonic information can coexist. Thus, the mechanisms for learning a new associate to a memory token in the present paradigm seems to be more like consolidation than re-consolidation (Tronel et al., 2005) .
Possibly, a critical determinant of reconsolidation is memory strength, as it has been suggested that only incompletely learned associations are subject to reconsolidation processes, whereas new learning in relation to well-learned associations may instead lead to parallel memory traces (Lee, 2009 ). In the current experiment, the paired associates had been learned to near-asymptote levels after the first two days (~90% correct performance), thereby making initial memory strength a plausible explanation of the durability of old associations in the face of new learning and possible reconsolidation processing. Moreover, such strong initial establishment of the original associations gives credence to a possible generalization of the current results to real-world situations outside the laboratory, e.g., when long-established knowledge such as names of countries changes.
Given strong initial memory traces, it is critical to consider how efficient the updating component of the experiment was. It would, after all, not be unexpected to find evidence for residual memories if the original associations were strong but the memory updating procedure was weak. However, the behavioral performance at the final test on day 4 as well as during scanning (day 5) showed that recall of updated associations was not significantly different from original associations (94 vs. 96% on day 4, 90 vs. 91% during scanning). Thus, the two days of establishing new memory associations (days 3-4) seem to have led to as strong learning as for the initial associations. The current results thereby substantiate and extend previous indications of residual activation, where AB-AC procedures have been used to study memory interference (with only one updating opportunity; Kuhl et al., 2011 Kuhl et al., , 2012 Waldhauser et al., 2012) .
Memory interference between old and new associations was evident also in the present results, in that stronger residual reactivation during retrieval of updated memories correlated with poorer performance 18 months later, in line with previous research on extinction (reoccurrence of unlearned behavior, Bouton, 2002) . Similarly, Kuhl et al. (2012) recently demonstrated that category-specific brain activity during memory updating predicted later memory performance, such that stronger reactivation of old memory traces was correlated with less accurate new memories. Comparing retrieval of updated associations with associations that remained intact throughout the learning process revealed BOLD signal change in left prefrontal cortex, which may reflect interference resolution between competing mnemonic representations (Badre and Wagner, 2007) . Competition between memory associations is known to reduce memory performance (Danker et al., 2008) , and inhibition of alternative memory associations has been suggested as a mechanism of forgetting (of the non-recalled associate; Anderson and Spellman, 1995; see Kuhl et al., 2011; Öztekin and Badre, 2011; Waldhauser et al., 2012 , for further neurophysiological support). Inhibition between old and new memories is consistent with the current cross-over correlation pattern (Fig. 3C) , where memory performance at 18 months on updated symbol-sound associations correlated positively with auditory, but negatively with visual cortex BOLD signal change at day 5, suggesting that stronger currently relevant mnemonic information inhibited old information more. Surprisingly, in the present experiment it was the new and currently relevant associations that were forgotten. This result was materialspecific in that behavioral performance as well as BOLD signal changes indicated that only symbol-face associations remained after 18 months (original symbol-face associations, as well as interfering face associations to updated symbol-sound items). It is unclear why face associations were remembered better over time compared to sounds. During the acquisition phase (days 1-4), there was no evidence for superior performance for symbol-face associations. Indeed, at the final test on day 2, symbol-sound associations were remembered slightly better than faces. However, there was a significant material-by-updatehistory interaction at the first test day 3, showing that it was harder to learn symbol-sound associations if the previous association had been with a face than vice versa. Possibly, the more durable symbol-face associations reflect the privileged status that visual information seems to have (Standing, 1973) . Regardless of the reason for the difference between symbol-sound and symbol-face associations, the effect of type of association on the long-term effects of memory updating calls for cautiousness regarding the generalizability of the current results to other types of materials.
During memory updating in the scanner, BOLD signal increases were evident in frontal and parietal cortices, bilaterally, compared to reencoding. Increased frontal cortex activity is a consistent finding in relation to updating, both of working (Dahlin et al., 2008; Nee et al., 2013) and long-term (Dolan and Fletcher, 1997; Nyberg et al., 2009 ) memories, which indicates shared processes (Nyberg et al., 2003) . Computational models of memory updating suggest involvement of both frontal and subcortical structures, as well as involvement of dopaminergic neurotransmission (O'Reilly, 2006) . Correspondingly, a relation between striatal dopamine functioning and frontal cortex activity during longterm memory updating has been demonstrated (Nyberg et al., 2009) . A causal relation between lateral frontal cortex and (working) memory updating, as well as correlations between behavioral performance, activity in brainstem dopamine nuclei, and the lateral frontal cortex has also been shown (D'Ardenne et al., 2012) . The inferior frontal gyrus (IFG) has been suggested to be involved in interference resolution between competing mnemonic information during both long-term memory encoding (Fletcher et al., 2000) and retrieval (Badre and Wagner, 2007) , in line with the partial overlap with the PFC cluster found to differentiate between retrieval of updated vs. intact memory associations discussed above. In support for IFG involvement during encoding, Kuhl et al. (2012) demonstrated that higher activity in the left IFG during memory updating predicted less competition between old and new memory information. Contrary to the interference resolution suggestion, recent research has indicated that the lateral prefrontal cortex (PFC) may not be called upon to resolve interference, but rather to instantiate it (see Robertson, 2012, for review) . For example, transcranial magnetic stimulation of the dorsolateral PFC after learning a word list and a motor skill task reduced interference otherwise evident between the two memory tasks (Cohen and Robertson, 2011) . According to this view, memory interference may not be a by-product of competing memories, but instead add functional significance, speculatively related to integration of different memory traces.
Memory updating was also related to BOLD signal change in the parietal cortex. During the updating phase, new faces/sounds were presented and paired with pre-learned symbols. This may have induced some form of novelty response and attentional processes, which can be expected to involve frontoparietal regions (Corbetta and Shulman, 2002; Petersen and Posner, 2012) . Novelty effects as such should be limited given that all faces and sounds had been presented during the preceding days. Rather, attention may be seen as part of the updating process and the left ventral parietal cortex in particular has been suggested critical for attention to memory (Cabeza et al., 2012) .
In conclusion, we show that no-longer relevant mnemonic information is activated during retrieval of related information -even if this information is not actively sought after. As such, the revision of long-term memory can be seen as adding information to already existing networks where the old, pre-existing memory traces still have a high probability of being activated when some units of the network that represent more recent or relevant information are activated, and may even come to dominate over more recent learning.
